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SUMMARY 

This document r e p o r t s  a s tudy  performed by t h e  As t ro  

Sc iences  Center  of  I I T  Research I n s t i t u t e  on t h e  s c i e n t i f i c  

o b j e c t i v e s  f o r  t h e  f o u r  outermost p l a n e t s :  S a t u r n ,  Uranus, 

Neptune, and P lu to .  J u p i t e r ,  o f t e n  inc luded  i n  d e s c r i p t i o n s  

o f  o u t e r  p l a n e t s ,  has been t r e a t e d  independent ly  (Roberts  1964) 

and so  i s  n o t  d i scussed  i n  d e t a i l  a t  t h i s  t i m e .  

The fou r  outermost  p l a n e t s ,  w i t h  t h e  p o s s i b l e  excep- 

t i o n  o f  P l u t o ,  d i f f e r  r a d i c a l l y  i n  many r e s p e c t s  from t h o s e  

n e a r e r  t h e  Sun. 

a g e n e r a l  survey o f  t h e  s t r u c t u r e  and composi t ion of t h e s e  

p l a n e t s  and i n  more d e t a i l e d  d i s c u s s i o n s  o f  t h e  i n d i v i d u a l  

bod ie s .  

are n e c e s s a r i l y  r a t h e r  incomplete a t  t h e  p r e s e n t  t i m e ' ,  whi le  

d e s c r i p t i o n s  o f  t h e  atmospheres have been c a r r i e d  somewhat 

f u r t h e r  a iong ,  p r i m a r i l y  with t h e  a i d  ~f spectroscopic and 

r a d i o m e t r i c  o b s e r v a t i o n s .  

i s t i c s  are inc luded  i n  t h e  t a b l e  a t  t h e  end o f  t h e  summary. 

Much o f  t h e  d a t a  i s  on ly  q u a l i t a t i v e  a t  t h i s  t i m e ,  however, so  

t h a t  t h e  p o t e n t i a l  f o r  exper imenta l  i n v e s t i g a t i o n s  us ing  space  

probes  i s  ve ry  g r e a t .  

The d i f f e r e n c e s  a r e  shown i n  t h i s  r e p o r t  i n  

It i s  seen  t h a t  models f o r  t h e  p l a n e t a r y  i n t e r i o r s  

Some of t h e  b e t t e r  known c h a r a c t e r -  

I n  p a r t i c u l a r ,  missions t o  t h e s e  p l a n e t s  w i l l  a l l ow 

t h e  s p e c i e s  c o n c e n t r a t i o n  and d i s t r i b u t i o n  w i t h i n  t h e  
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atmosphere to be tentatively established. Observations can 

determine the ammonia content of the Saturn atmosphere and 

also yield a value for the hydrogen-helium ratio on Uranus 

and Neptune. Such information, along with temperature measure- 

ments, will provide for an understanding of the energy balance 

throughout the atmospheres and, to a lesser extent, within the 

bodies of the planets. The magnitude and configuration of the 

planetary magnetic fields will also represent significant new 

knowledge, as will the determination of the presence or absence 

of ionospheric and auroral effects. 

Observations from a spacecraft could further provide 

some understanding of the belts, spots, zones, and other 

features which have been observed on Saturn. The origin of  

the nonthermal radio noise from this planet might be explained. 

It may also be possible to determine the exact nature of the 

particles in the ring system. 

Since Uranus and Neptune are very far from Earth, there 

does not yet exist much detailed information of atmospheric 
features or contento m'--- ALLUS ----I ittaiiy t L 4 - n c .  L L i A L L b O  w ~ u l d  be  E I P , ~ S L I ~ ~ ~  for  

the first time. One such important determination would be the 

mean molecular weight of their atmospheres. A s  for Pluto, so 

few facts are known that just the determination of its mass 

and diameter would represent meaningful experiments. 

The measurements which are proposed are: 1) magnetic 

field measurements throughout the mission and in the region of 

the planets, 2) spectrometry and polarimetry of the planetary 
I l l  R E S E A R C H  I N S T I T U T E  
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atmospheres ,  3 )  microwave radiometry and r a d a r  probing ,  

4 )  charged p a r t i c l e  d e t e c t i o n  i n  t rapped  r a d i a t i o n  b e l t s ,  

5) o p t i c a l  o c c u l t a t i o n  experiments f o r  S a t u r n ' s  r i n g  system 

and atmospheric  s t u d i e s ,  6 )  RF o c c u l t a t i o n  experiments  for  

atmospheric  d e n s i t y  de t e rmina t ions ,  and 7 )  photography of c loud 

s t r u c t u r e  and, where p o s s i b l e ,  surface f e a t u r e s  of  t h e  p l a n e t s .  

l l T  R E S E A R C H  I N S T I T U T E  
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Report No. P - l l  

1. 

THE SCIENTIFIC OBJECTIVES OF DEEP SPACE 
INVESTIGATIONS - SATURN, URANUS, 

NEPTUNE AND PLUTO 

INTRODUCTION 

The major p l a n e t s  J u p i t e r ,  Sa tu rn ,  Uranus, and Neptune 

and t h e  d i s t a n t  p l a n e t  P l u t o  l i e  beyond t h e  a s t e r o i d  b e l t .  

Although t h i s  s tudy  i s  p rope r ly  concerned w i t h  t h e  fou r  o u t e r -  

most p l a n e t s ,  and a l though J u p i t e r  has  a l r e a d y  been s t u d i e d  

e x t e n s i v e l y  (Roberts  1964; Wi t t ing ,  Cann and Owen 1965),  some 

mention w i l l  be made of t h i s  l a t t e r  body i n  t h e  fo l lowing  d i s -  

cuss ion  because o f  i t s  s i m i l a r i t y  t o  t h e  o t h e r  major p l a n e t s  

and because certair; assumptions can be made based on t h e  g r e a t e r  

knowledge of J u p i t e r .  Conversely, because of  P l u t o ' s  g r e a t  

d i s t a n c e  and because of  t h e  pauc i ty  o f  d a t a  concerning i t s  

charac te r i s t ics ,  on ly  a l i m i t e d  d i s c u s s i o n  o f  t h i s  p l a n e t  can 

be g iven  a t  t h i s  t i m e ,  

The major p l a n e t s  are  l a r g e  (50 t o  140 thousand kilom- 
3 e t e r s  i n  d i a m e t e r ) ,  low dens i ty  (0 .7  t o  2.5 gm/cm ) bodies  w i t h  

e x t e n s i v e ,  o p t i c a l l y  t h i c k  atmospheres whose p r i n c i p a l  

I I T  R E S E A R C H  I N S T I T U T E  



I .  

c o n s t i t u e n t s  i n c l u d e  hydrogen (H2) , hel ium ( H e )  , methane (CH4) ,  

and ammonia (NH3) i n  va ry ing  amounts, 

s t r a i n t s  upon any t h e o r y  o f  t h e  o r i g i n  o f  t h e  s o l a r  system i s  

One o f  t h e  pr imary con- 

t h e  n e c e s s i t y  o f  l o g i c a l l y  e x p l a i n i n g  t h e  d i f f e r e n c e s  between 

t h e s e  major p l a n e t s  and t h e  more fami l ia r  t e r r e s t r i a l  p l a n e t s .  

C e r t a i n  work i n  t h e  p a s t ,  due l a r g e l y  t o  Rabe (1956),  s t r o n g l y  

i m p l i e s  t h a t  J u p i t e r  w a s  once s i g n i f i c a n t l y  more massive than  

i t  i s  now, F u r t h e r ,  t h e  p r o t o p l a n e t  t h e o r y  o f  Kuiper (1956b) 

t h e  most g e n e r a l l y  s a t i s f a c t o r y  t h e o r y  a v a i l a b l e  today  f o r  t h e  

o r i g i n  o f  a t  l eas t  t h e  major p l a n e t s ,  i n d i c a t e s  t h a t  a l l  o f  

t h e  major p l a n e t s  were once more massive than  now and t h a t  t h e y  

were o r i g i n a l l y  o f  s o l a r  composi t iona  Rabe (1958) has  shown 

t h a t  such  a s o l a r  system cou ld  be s t a b l e  and n o t  e s s e n t i a l l y  

d i f f e r e n t  i n  o r b i t a l  e lements  from t h e  system o f  today .  Most 

of t h e  d i f f e r e n c e s  between t h e  major p l a n e t s  can be exp la ined  

a t  l eas t  q u a l i t a t i v e l y  w i t h i n  t h e  framework o f  t h e s e  assumpt ions .  

However, a t t e m p t s  t o  i n c l u d e  t h e  t e r r e s t r i a l  p l a n e t s  have been 

g e n e r a l l y  o b j e c t e d  t o  by Urey, and c e r t a i n l y  t h e  d e t a i l e d  mech- 

anism i n  t h e  i n n e r  p a r t  o f  t h e  s o l a r  system w a s  d i f f e r e n t  

(Newburn 1961) 

Considered i n d i v i d u a l l y ,  t h e  n e a r e s t  of t h e  fou r  o u t e r -  

most p l a n e t s ,  Sa tu rn ,  i s  probably t h e  most i n t e r e s t i n g  o b j e c t  

t o  be seen  through a t e l e s c o p e ,  L i g h t l y  shaded s u r f a c e  bands,  

more uni form than  t h o s e  of J u p i t e r ,  p a r a l l e l  t h e  r i n g s .  

Occas iona l ly ,  d e t a i l e d  markings can be d i s t i n g u i s h e d  which 

revea l  t h e  r a p i d  t u r n i n g  of t h e  p l a n e t ,  The r i n g  i t s e l f  i s  
I I T  R E S E A R C H  I N S T I T U T E  
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d iv ided  i n t o  t h r e e  major d i v i s i o n s ,  a b r i g h t  middle r i n g ,  a 

f a i n t e r  o u t e r  r i n g ,  and a b a r e l y  luminous "crape" o r  i n n e r  

r i n g .  The two o u t e r  r i n g s  are broken by narrow dark  gaps 

d e t e c t a b l e  on ly  under i d e a l  cond i t ions .  I n  a d d i t i o n ,  Sa turn  

has  a system o f  n i n e  s a t e l l i t e s ,  f i v e  o f  which have been 

determined t o  have a d e n s i t y  less  than  2.4 .  

Uranus and Neptune , t h e  "twins" , have d iameters  about  

f o u r  times t h a t  of  t h e  Ea r th .  Uranus i s  somewhat t h e  l a r g e r ,  

b u t  t h e  measures are u n c e r t a i n  because of t h e  hazy edges of  

t h e  d i s k s .  Although f e a t u r e s  are d i f f i c u l t  t o  observe on 

Neptune and on ly  f a i n t  c h a r a c t e r i s t i c s  have been seen  on Uranus, 

t h e  p l a n e t s  are c e r t a i n l y  enveloped w i t h  atmospheres resem- 

b l i n g  t h o s e  o f  J u p i t e r  and Sa turn .  

from t h e  Sun, however, temperatures  are  ve ry  low so t h a t  some 

c o n s t i t u e n t s  are  f rozen  ou t  and t h e r e f o r e  no t  r e a d i l y  d e t e c t a b l e .  

\ 

Because of  t h e i r  great  d i s t a n c e  

S ince  c e r t a i n  comparisons w i l l  be made l a t e r  based on 

q u a n t i t a t i v e  v a l u e s  f o r  v a r i o u s  parameters ,  Table  1 g i v e s ,  a t  

t h i s  p o i n t ,  t h e  p r i n c i p a l  phys i ca l  d a t a  i n  u s e  a t  p r e s e n t  f o r  

t h e  f o u r  o u t e r  p l a n e t s .  Cer ta in  a d d i t i o n a l  features should 

a l s o  be mentioned he re .  

Spec t roscop ic  observa t ions  have shown t h a t  S a t u r n ' s  

r o t a t i o n  p e r i o d  hc reases  s t e a d i l y  toward h i g h e r  l a t i t u d e s ,  and 

i s  f u l l y  an  hour longer  a t  l a t i t u d e  57" than  a t  t h e  e q u a t o r .  

Compared w i t h  t h e  r o t a t i o n  a t  l a t i t u d e  36" as s t a n d a r d ,  t h e r e  

i s  an eas tward  c u r r e n t  a long  t h e  equa to r  w i t h  a v e l o c i t y  o f  

some 400 meters/sec ( n i p p l e  1963). A s  i n  t h e  case of  J u p i t e r ,  

I I T  R E S E A R C H  I N S T I T U T E  
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t h e  edges of  S a t u r n ' s  d i s k  are much less b r i l l i a n t  t han  t h e  

c e n t e r .  The b e l t s  a re  a l s o  l e s s  s h a r p l y  de f ined  and less 

v a r i a b l e ,  There i s  u s u a l l y  a b r i l l i a n t  yel low zone a t  t h e  

equa to r ,  and a dark cap  o f  g reen i sh  hue a t  t h e  po le .  When t h e  

r i n g  i s  i n v i s i b l e ,  t h e  p l a n e t ' s  l i g h t  shows a small change w i t h  

phase,  which i n d i c a t e s  t h a t  i t s  r e f l e c t i n g  s u r f a c e  i s  e f f e c t -  

i v e l y  smooth. When a l a r g e  p a r t  o f  t h e  l i g h t  comes from t h e  

r i n g s ,  however, much g r e a t e r  v a r i a t i o n  w i t h  phase i s  shown, 

which w a s  one o f  t h e  f i r s t  arguments f o r  t h e  p a r t i c u l a t e  con- 

s t i t u t i o n  o f  t h e  r i n g s .  

Not many d e t a i l e d  f e a t u r e s  a r e  y e t  known ;bout t h e  

tw ins ,  Uranus and Neptune. The h igh  a lbedo  o f  Uranus sugges t s  

t h a t  t h e  v i s i b l e  s u r f a c e  i s  covered w i t h  c louds ,  and t h e  heavy 

bands i n  t h e  spectrum t h a t  t h e  atmosphere i s  dense and ex ten-  

s ive .  Neptune shows no markings, bu t  e x h i b i t s  spec t roscop ic  

ev idence  of  having an  e x t e n s i v e  atmosphere.  

Very f e w  f ac t s  are known about  t h e  p l a n e t ,  P l u t o ,  

excep t  f o r  i t s  o r b i t a l  c h a r a c t e r i s t i c s .  It appears  f a i n t  and 

small w i t h  a c o l o r  s i m i l a r  t o  t h a t  of the moon. 

by many t o  be s i m i l a r  i n  c o n s t i t u t i o n  t o  t h e  f a m i l i a r  i n n e r  

t e r r e s t r i a l  p l a n e t s .  

It i s  thozght 

I n  view of t h e  p a u c i t y  of  i n fo rma t ion ,  i t  i s  exceeding- 

l y  d i f f i c u l t  t o  estimate t h e  magnetic f i e l d s  o f  t h e s e  p l a n e t s .  

Two p l a n e t s  are  p r e s e n t l y  known t o  possess  magnetic f i e l d s ,  

E a r t h  (Bsurf 2 1 / 2  gauss)  and J u p i t e r  (Bsurf ~ 1 0  g a u s s ) ,  t h e  

v a l u e  f o r  J u p i t e r  being q u i t e  unce r t a in .  Both J u p i t e r  and 

I I T  R E S E A R C H  I N S T I T U T E  
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E a r t h  are  f a i r l y  l a r g e ,  have r e l a t i v e l y  r a p i d  r o t a t i o n  ra tes ,  

and probably possess  e l e c t r i c a l l y  conduct ive  c o r e s ,  

Uranus, and Neptune a l s o  possess  t h e s e  p r o p e r t i e s ,  and a l l  l i e  

between Ear th  and J u p i t e r  i n  s i z e .  Therefore ,  i n  t h e  absence 

o f  any more d e t a i l e d  informat ion ,  i t  i s  reasonable  t o  assume 

t h a t  t h e i r  s u r f a c e  f i e l d s  l i e  between 0.5 and 10 gauss ,  w i t h  

S a t u r n ' s  f i e l d  somewhat l a r g e r  than t h a t  of Uranus o r  Neptune. 

2 .  GENERAL KNOWLEDGE OF THE OUTERMOST PLANETS 

2 . 1  C h a r a c t e r i s t i c s  a s  Rela ted  t o  t h e  S o l a r  System 

Sa tu rn ,  

The p l a n e t s ,  i n  g e n e r a l ,  appear  t o  form t h r e e  chemica l ly  

d i s t i n c t  groups.  Group I c o n s i s t s  of  t h e  t e r r e s t r i a l  p l a n e t s ,  

of which t h e  E a r t h  i s  both  t h e  denses t  and t h e  most massive.  

The p l a n e t s  o f  Group P I ,  Uranus and Neptune, are more t h a n  t e n  

times as massive as t h e  E a r t h ,  b u t  t hey  a r e  less t h a n  h a l f  as 

dense.  Group 111, made up o f  J u p i t e r  and Sa tu rn ,  are  o f  t h e  

o r d e r  o f  a hundred times as massive as t h e  E a r t h  and of  ve ry  

low mean d e n s i t y ,  Thus p l a n e t s  i n  t h e  d i f f e r e n t  groups d i f f e r  

w ide ly  i n  mass and t h e  more massive p l a n e t s  c o n t a i n  much h ighe r  

p r o p o r t i o n s  of t h e  l i g h t e r  elements ( s e e  Table  2) ,  

The cosmogonical s i g n i f i c a n c e  o f  t h i s  grouping of  t h e  

p l a n e t s  i s  somewhat c l a r i f i e d  by Brown (1950),  Ramsey (1951),  

and Wildt  (1947).  When t h e  temperature  i s  s u f f i c i e n t l y  low t o  

pe rmi t  t h e  formation o f  molecules , t h e  p r i n c i p a l  c o n s t i t u e n t s  

o f  s o l a r  material  f a l l  i n t o  t h r e e  we l l -de f ined  classes.  Class 

I c o n s i s t s  o f  t h e  common t e r r e s t r i a l  m a t e r i a l s ,  t h e  most impor- 

t a n t  be ing  metall ic i r o n  and t h e  ox ides  of  i r o n ,  magnesium and 
I I T  R E S E A R C H  I N S T I T U T E  
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s i l i c o n ,  

h igh  b o i l i n g  p o i n t s .  The compounds of t h e  second c l a s s  have 

molecular  weights  ranging  from 16 t o  about 20 and b o i l i n g  

p o i n t s  of t h e  o rde r  of 100°K; t h e  p r i n c i p a l  c o n s t i t u e n t s  i n  

t h i s  class a r e  w a t e r ,  methane, and ammonia, The t h i r d  c l a s s  

c o n s i s t s  of  hydrogen and helium, which have t h e  lowest  molecular  

weights  and a l s o  t h e  lowest b o i l i n g  p o i n t s .  

These m a t e r i a l s  have high molecular  weights  and ve ry  

This  s e p a r a t i o n  of t h e  c o n s t i t u e n t s  o f  s o l a r  m a t e r i a l  

i n t o  t h r e e  we l l -de f ined  classes a f f o r d s  a p o s s i b l e  exp lana t ion  

f o r  t h e  d i v i s i o n  o f  t h e  p l a n e t s  i n t o  t h r e e  chemica l ly  d i s t i n c t  

g roups ,  The t e r r e s t r i a l  p l a n e t s  have been unable  t o  r e t a i n  

t h e  l i g h t  v o l a t i l e  compounds o f  t h e  second and t h i r d  c l a s s e s .  

The major p l a n e t s ,  on t h e  o t h e r  hand, have r e t a i n e d  l a r g e  

q u a n t i t i e s  of t h e s e  materials. Such r e t e n t i o n  o r  loss  of  

materials by p l a n e t s  i s  i n  g e n e r a l  a s t r o n g  f u n c t i o n  of t h e  

exosphe r i c  t empera tu re ,  S p e c i f i c a l l y ,  h e a v i e r  and c o o l e r  p l a n e t s  

can  r e t a i n  Light gases  more eas i ly  than  can t h e  l i g h t e r  and 

warmer p l a n e t s ,  The f a c t  t h a t  Uranus and Neptune, w i t h  lower 

t empera tu res  than  Sa tu rn  and J u p i t e r ,  have l o s t  most of t h e i r  

class III m a t e r i a l s  must be due, a t  l e a s t  i n  p a r t ,  t o  lower 

o r i g i n a l  masses, 

I n  summary, i t  i s  suggested t h a t  t h e  bulk  p r o p e r t i e s  

o f  a p l a n e t  are determined by i t s  c r i t i c a l  molecular  weight ;  

t h a t  i s ,  t h e  weight of molecules whose escape t i m e  i s  e q u a l  t o  

t h e  l i f e t i m e  of t h e  s o l a r  system (Wit t ing  1965) .  This  i s  t h e  

I I T  R E S E A R C H  I N S T I T U T E  
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s i m p l e s t  exp lana t ion  o f  t h e  d i f f e r e n c e  between p l a n e t s  and i t  

i s  c o n s i s t e n t  w i t h  a11  e m p i r i c a l  d a t a .  

2 . 2  Atmospheres o f  t h e  Major P l a n e t s  

The s p e c t r a  o f  t h e  major p l a n e t s  p r e s e n t  a problem 

which i s  e n t i r e l y  d i f f e r e n t  from t h o s e  p re sen ted  by t h e  s p e c t r a  

of  Venus and Mars. 

f o r  bands of  van i sh ing  i n t e n s i t y  than  i t  i s  a ques t ion  o f  

i d e n t i f y i n g  a b s o r p t i o n  bands o f  tremendous i n t e n s i t y  i n  t h e  

r e d  r e g i o n  of  t h e  spectrum. 

It i s  much less a q u e s t i o n  of  s e a r c h i n g  

The o r i g i n a l  work w i t h  photography on t h e  s p e c t r a  of  

t h e  major p l a n e t s  w a s  done over  a long pe r iod  o f  yea r s  by 

S l i p h e r  (1929). A band extending from 6450 t o  6507 was t h e  

s t r o n g e s t  observed and showed some evidence  of  s t r u c t u r e .  A 

c o n s i d e r a b l e  number of  a d d i t i o n a l  bands were a l s o  noted  i n  t h e  

nea r  i n f r a r e d ,  ex tending  t o  8570 A .  I n  1932, bands were ob- 

s e r v e d  beyond 9000 i, i nc lud ing  one a t  10,150 i. 

0 

A t  t h a t  t i m e ,  d e t a i l e d  knowledge o f  t h e  nea r  i n f r a r e d  

bands of t h e  s imple  o rgan ic  molecules w a s  f a r  from complete. 

It t h e r e f o r e  seemed d e s i r a b l e  t o  photograph t h e  s p e c t r a  oL t h e  

p l a n e t s  w i t h  s u f f i c i e n t  d i s p e r s i o n  t o  permit  measuring as many 

i n d i v i d u a l  l i n e s  as p o s s i b l e ,  so  as t o  provide  a r e l i a b l e  b a s i s  

fo r  i d e n t i f i c a t i o n .  

r e g i o n  w i t h  a 15-foot  L i t t row pr i sm spec t rog raph  ( m  1 2  A/,,). 

The ammonia observed,  when compared w i t h  l a b o r a t o r y  s p e c t r a ,  

was a p p a r e n t l y  p r e s e n t  a t  2 m a t m .  Methane, w i t h  l i n e s  i n  

0 

Saturn  was photographed i n  t h e  6400 A 
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t h e  v i c i n i t y  o f  7200, 8000, and 8800 w ,  w a s  observe-d a t  a con- 

s i d e r a b l y  h ighe r  concen t r a t ion .  

d e t e c t e d  does no t  n e c e s s a r i l y  mean t h a t  t hey  are  p r e s e n t  as 

major c o n s t i t u e n t s ,  however, s i n c e  they are much more e a s i l y  

observed t h a n  H2, H e ,  e tc .  

That t h e s e  compounds were 

S e v e r a l  f a i n t  s p e c t r a  of Uranus were a l s o  o b t a i n e d  

dur ing  t h i s  p e r i o d ,  u s ing  a 7-inch camera w i t h  a p l ane  g r a t i n g ,  

bu t  t h e  d i s p e r s i o n  was n o t  s u f f i c i e n t  f o r  a d e t a i l e d  s tudy  of 

t h e  band s t r u c t u r e .  

through t o  t h e  p r e s e n t  t i m e ,  t h e r e  are s t i l l  ve ry  f e w  d e t a i l s  

known about  t h e  atmospheres o f  t h e s e  p l a n e t s .  

even t h e  v i b r a t i o n a l  assignment of many of t h e  bands i s  uncer- 

t a i n .  Any r e p o r t e d  d a t a ,  t h e n ,  must be regarded  as ve ry  

approximate.  No atmosphere has been d e t e c t e d  on P lu to .  

2 . 3  I n t e r i o r s  of t h e  Major P l a n e t s  

While work has  cont inued  du r ing  t h e  years  

I n  many cases 

Various models of t h e  major p l a n e t s  have been used 

f o r  some t i m e  i n  a t t empt ing  t o  d e s c r i b e  t h e  s t r u c t u r e  and com- 

p o s i t i o n  of t h e  p l a n e t a r y  i n t e r i o r s .  These models, making 

use  of known and e x t r a p o l a t e d  chemical and p h y s i c a l  p r o p e r t i e s  

of s o l i d s ,  can  be developed assuming t h e  presence  of a certair! 

chemica l  subs t ance  o r  mixture  o f  subs t ances .  I f  a p res su re -  

d e n s i t y  r e l a t i o n  i s  ob ta ined  which ref lects  t h e  p r o p e r t i e s  of 

t h e  p l a n e t  under i n v e s t i g a t i o n ,  and no o t h e r  subs tance  can 

y i e l d  such a r e l a t i o n ,  then  a s o l u t i o n  t o  t h e  composition 

problem would be achieved  (De Marcus 1959). 
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I n  t h e  cases o f  t h e  t e r r e s t r i a l  p l a n e t s  such a program 

could  n o t  be c a r r i e d  o u t ,  s i n c e  t h e  (4.ensities cou ld  be matched 

by a v a r i e t y  of  s u b s t a n c e s ,  I n  t h e  cases  o f  t h e  two l a r g e s t  

p l a n e t s ,  however, t h e  s i t u a t i o n  i s  f a r  s i m p l e r  s i n c e  t h e  den- 

s i t i e s  as a f u n c t i o n  of  p re s su re  when c a l c u l a t e d  from any 

r easonab le  model cannot  be matched by any subs t ance  which i s  

not  p r i m a r i l y  hydrogen, From such work, t h e  hydrogen c o n t e n t  

of J u p i t e r  i s  e s t i m a t e d  t o  be 80 p e r c e n t  by mass and t h a t  o f  

S a t u r n  about 60  pe rcen t  by mass, The p r o p o r t i o n s  of  hydrogen 

i n  t h e s e  p l a n e t s  are t h u s  comparable w i t h  t h a t  i n  s o l a r  mater ia l .  

The i n t e r n a l  d e n s i t y  d i s t r i b u t i o n  i n  J u p i t e r  and S a t u r n  are 

t h e n  estimated on the assumption of  chemica l  homogeneity. The 

p r o p o r t i o n  of  h e a v i e r  e lements  a re  chosen f o r  each p l a n e t  t o  

a g r e e  w i t h  i t s  e m p i r i c a l  mean d e n s i t y ,  The computed moments 

of i n e r t i a  of t h e  p l a n e t s  are c l o s e  t o ,  bu t  d e f i n i t e l y  l a r g e r  

t h a n ,  t h e  e m p i r i c a l  v a l u e s .  T h i s  perhaps means t h a t  t h e  h e a v i e r  

e l e m e n t s  are no t  d i s t r i b u t e d  uniformly i n  t h e  p l a n e t s  bu t  are 

t o  some e x t e n t  c e n t r a l l y  condensed, 

I h e  i n t e r n a l  tempera tures  of t h e s e  p l a n e t s ,  wh i l e  n o t  

known a c c u r a t e l y  a t  a l l  a t  the p r e s e n t  t i m e ,  a re  g e n e r a l l y  f e l t  

t o  be low and n o t  t o  apprec i ab ly  a f f ec t  t h e  p r e s s u r e - d e n s i t y  

r e l a t i o n s h i p  o f  t h e  mater ia l  i n  t h e  p l a n e t ' s  i n t e r i o r ,  Order 

of magnitude estimates f o r  t hese  tempera tures  are u s u a l l y  based 

on t h e  assumption t h a t  t h e  p l a n e t  i s  n e i t h e r  h e a t i n g  up nor  

c o o l i n g  down, and t h a t  t h e  p r e s e r t  t empera tures  are  due e i t h t r  

t o  r a d i o a c t i v i t y  o r  t o  remnants o f  t h e  p l a n e t ' s  o r i g i n a l  h e a t  
l l T  R E S E A R C H  I N S T I T U T E  
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when i t  w a s  formed a t  s t e l l a r  temperatures .  

Upper l i m i t s  f o r  abundances of r a d i o a t i v e  elements  are 

I 

1 

u s u a l l y  i n f e r r e d  from measurements on meteorites. Making approp- 

r i a t e  mod i f i ca t ions  (Ramsey 1959), t h e  r a t e  of  h e a t i n g  i n  t h e  

i n t e r i o r  can then  be e s t i m a t e d .  Assumed values f o r  thermal  con- 

d u c t i v i t y  through t h e  o u t e r  layers  o f  the p l a n e t  t h e n  lead t o  

v a l u e s  f o r  t h e  tempera ture  i n  the  meta l l ic  co res  o f  t h e  p l a n e t s  

o f  roughly 10,000"K. 

The concept  of a t t r i b u t i n g  t h e  p r e s e n t  tempera ture  t o  

rerrinants of  t h e  p l a n e t ' s  o r i g i n a l  h e a t  was f i r s t  examined by 

J e f f z i e s  (1938) .  H e  showed t h a t  s i n c e  be ing  formed, t h e  p l a n e t s  

have had t i m e  t o  c o o l  by convect ion and t h a t  t h e  tempera ture  

g r a d i e n t s  are now no more t h a n  several  degrees  pe r  k i l o m e t e r .  

Such a procedure has  been used by Ramsey (1951) and D e  Marcus 

(1957) t o  show t h a t  on t h i s  b a s i s  a l s o  t h e  c e n t r a l  t empera tures  

are  no g r e a t e r  t han  10,000"K.. 

2 . 4  S a t e l l i t e s  

A t  t h e  p r e s e n t  t i m e ,  t h e r e  are  i n  a l l  t h i r t y - o n e  known 

s a t e l l i t e s  o f  p l a n e t s  i n  our  s o l a r  system (see Table  3 ) .  It i s  

d i f f i c u l t  t o  o b t a i n  much detailed informat ion  r e g a r d i n g  these,  

however, due c h i e f l y  t o  t h e i r  small s i z e s  and t h e  l a r g e  d i s t a n c e s  

invo lved .  A t e n t h  of a second of a rc  r e p r e s e n t s  about  a t e n t ?  

of a m i l e  a t  t h e  diL:ance of our moon, bu t  a t  t h e  d i s t a n c e  o f  

Neptune (30 AU) t h i s  i s  about  1350 m i l e s  Thus o u r  knciwledge of 

the d iame te r s  o f  t h e  s a t e l l i t e s ,  o r  even o f  t h e i r  p o s i t i o n s  w i t h  

r e s p e c t  t o  t h e  p l a n e t ,  i s  o n l y  approximate.  I n  p a r t i c u l a r ,  i t  i s  

a lmos t  imposs ib le  t o  d e t e c t  t h e  e c c e n t r i c i t y  o f  a n e a r l y  c i r c u l a r  
111 R E S E A R C H  I N S T I T U T E  
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d r b i t ,  and f o r  t h e  most p a r t ,  t h e  on ly  o r b i t a l  elements t h a t  can 

be measured w i t h  any accuracy are t h e  long i tude  o f  t h e  node and 

t h e  i n c l i n a t i o n  of t h e  o r b i t .  Table 3 gives d a t a  f o r  t h e  

s a t e l l i t e s  of Sa tu rn ,  Uranus, and Neptune. 

Despi te  t h e s e  l i m i t a t i o n s  i t  i s  clear t h a t  s a t e l l i t e s  

are o f  two p a r t i c u l a r  k inds  (Por t e r  1960) .  The f i r s t  a r e  t h e  

r e g u l a r  s a t e l l i t e s ,  n i n e t e e n  i n  a l l ,  which t ravel  i n  a lmost  c i r -  

c u l a r  o r b i t s  i n  t h e  p lane  o f  t he  equa to r  of  t h e  p a r e n t  p l a n e t .  

The second are t h e  twelve i r r e g u l a r  s a t e l l i t e s ,  whose o r b i t s  may 

be q u i t e  e c c c n t r i c  and i n c l i n e d  a t  any ang le .  

t h e  s a t e l l i t e s  are  so  c l o s e  t o  t h e  p a r e n t  p l a n e t  and s o  d i s t a n t  

from the Sun and t h e  o t h e r  p l a n e t s ,  t h a t  p e r t u r b a t i o n s  by these 

o t h e r  bodies  can be ignored.  Mutual p e r t u r b a t i o n s  are ,  however, 

impor tan t  i n  t h e  case of ?he l a r g e r  s a t e l l i t e s ,  and t h i s  i s  par -  

t i c u l a r l y  t r u e  o f  t h e  f o u r  g r e a t  moons of J u p i t e r  and o f  t h e  

e f fec t  of T i t a n  on t h e  neighboring s a t e l l i t e s  o f  Sa tu rn .  I n  

a d d i t i o n ,  t h e  motion o f  c l o s e  s a t e l l i t e s  i s  always modif ied by 

d i s t u r b a n c e s  due t o  t h e  ob la t eness  of  t h e  p a r e n t  p l a n e t .  

I n  a lmost  a l l  cases 

Although it  i s  u n l i k e l y  t h a t  obse rva t ions  from e a r l y  

space  miss ions  would d e a l  s p e c i f i c a l l y  w i t h  any p a r t i c u l a r  

planetary satellites, we can, f o r  t h e  sake of  completeness ,  

l i s t  t h o s e  bodies  a s s o c i a t e d  with t h e  major p l a n e t s  d i scussed  

h e r e .  The seven i n n e r  s a t e l l i t e s  o f  Sa tu rn  form a r e g u l a r  

system w i t h  almost  c i r c u l a r  o r b i t s  l y i n g  c l o s e  t o  t h e  r i n g  

p l a n e .  With t h e  excep t ion  o f  T i t a n ,  S a t u r n ' s  s a t e l l i t e s  are 

much smaller than  t h o s e  of  J u p i t e r ,  a l though they  are  c l o s e r  

t o  each o t h e r  and t o  t h e  p l ane t .  Mutual p e r t u r b a t i o n s  t h e r e -  

f o r e  o c c u r ,  bu t  t hey  are  not  s e r i o u s  except  i n  t h e  case o f  
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Rhea, which i s  n e a r e s t  t o  T i t a n .  

i s  t h a t  T i t a n  i s  t h e  only  sa te l l i t e  on which an atmosphere has  

d e f i n i t e l y  been shown t o  e x i s t .  Two o u t e r  s a t e l l i t e s  complete 

t h e  S a t u r n i a n  system. The discovery o f  a t e n t h  body, subse- 

quen t ly  named Themis, w a s  announced nea r  t h e  t u r n  o f  t h e  c e n t u r y ,  

bu t  i t s  e x i s t e n c e  has never been confirmed. 

An i n t e r e s t i n g  f e a t u r e  h e r e  

Uranus has a system of  five s a t e l l i t e s ,  one of  t h e  most 

r e g u l a r  i n  t h e  s o l a r  system. 

t h a t  t h e  p l a n e t ' s  a x i s  o f  r o t a t i o n  l i e s  almost i n  t h e  e c l i p t i c  

p l ane  so  t h a t  Uranus appears  t o  be l a y i n g  on i t s  s i d e .  This  

c o n t r a s t s  s t r a n g e l y  w i t h  t h e  p o s i t i o n s  o f  t h e  axes o f  t h e  o t h e r  

p l a n e t s  and s u g g e s t s ,  accord ing  t o  Kuiper ,  t h a t  t h e  Uranian 

system may have tu rned  over  some t i m e  i n  t h e  p a s t .  

The on ly  unusual  t h i n g  h e r e  i s  

Neptune's two s a t e l l i t e s ,  both i r r e g u l a r ,  a f f o r d  a l a r g e  

c o n t r a s t  t o  t hose  of  Uranus. Fu r the r ,  T r i t o n  i s  one o f  s i x  

s a t e l l i t e s  i n  t h e  s o l a r  system having r e t r o g r a d e  motion ( r o t a -  

tion i n  t h e  s e n s e  o p p o s i t e  t o  p l ane ta ry  o r b i t a l  and s p i n  motion) .  

The c o n d i t i o n s  are  e n t i r e l y  d i f f e r e n t  from t h o s e  of  t h e  Uranian 

system, which led Kuiper t o  suggest  t h a t  the satellite m y  m c e  

have escaped from Neptune w i t h  subsequent r e c a p t u r e .  It i s  n o t  

a t  a l l  c l e a r ,  however, how t h i s  event  could  have t aken  p l a c e  

nor  how r e c a p t u r e  could  g i v e  r ise t o  a c i r c u l a r  o r b i t .  

Any s a t e l l i t e s  of P lu to ,  i f  they  e x i s t ,  have n o t  y e t  

been observed.  

I l l  R E S E A R C H  I N S T I T U T E  
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3. SATURN 

3.1 Background 

The Sa tu rn  p l a n e t - r i n g  system w a s  f i r s t  observed and 

c o r r e c t l y  expla ined  i n  1659 by Chr i s t i ann  Huygens, who a l s o  

d iscovered  t h e  s a t e l l i t e  T i t a n .  Except f o r  i t s  r i n g  system, 

Sa tu rn  i s  a c t u a l l y  a smaller ve r s ion  of J u p i t e r ,  i n c l u d i n g  

some similar d i s k  f e a t u r e s ,  The most marked o f  t h e s e  are t h e  

South E q u a t o r i a l  B e l t  and t h e  North T r o p i c a l  B e l t ,  a long  w i t h  

t h e  d a r k i s h  n o r t h  and s o u t h  po la r  r eg ions .  I n  a d d i t i o n ,  

o c c a s i o n a l  markings i n c l u d e  t h i n ,  s t r e a k y  b e l t s  i n  h i g h  south-  

e r n  l a t i t u d e s ,  and small w h i t e  p o l a r  caps .  A l l  of  t h e s e  

f e a t u r e s  are less w e l l  marked than those  of J u p i t e r ,  and l a c k  

t h e  c o l o r i n g  u s u a l l y  s e e n  upon t h e  n e a r e r  p l a n e t .  

p robably  due, however, t o  s i m i l a r  bu t  unknown compounds of 

carbon,  hydrogen and ni t rogen, ,  

They a r e  

During t h e  cour se  of d i sk  o b s e r v a t i o n s ,  some r a r e l y  

o c c u r r i n g  s p o t s  have been no t i ced  and used t o  e v a l u a t e  t h e  

r o t a t i o n  pe r iod  of t h e  p l a n e t .  These are  wh i t e  s p o t s ,  due 

perhaps tc! r i s i n g  currents of gas, E q u a t o r i a l  s p o t s :  some 

q u i t e  b r i l l i a n t ,  were observed du r ing  t h e  l a s t  cen tu ry  and as 

r e c e n t l y  as 1933, Spots  i n  h igher  l a t i t u d e s  are  ve ry  rare.  

However, a g r e a t  o u t b u r s t  of spo t s  w a s  observed i n  l a t i t u d e  

60" n o r t h  i n  1960 by Dol l fus  i n  France and Botham i n  South 

A f r i c a ,  R o t a t i o n a l  p e r i o d s ,  as  analyzed from t h e s e  r eco rds  

by T o  A.  Cragg, were found t o  b e  10 hours  30 minutes.  This  

r e s u l t  seems t o  d i s a g r e e  w i t h  previous s p e c t r o s c o p i c  f i n d i n g s ,  
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which i n d i c a t e d  t h a t  S a t u r n ' s  r o t a t i o n  r e q u i r e d  an hour longer  

i n  l a t i t u d e  57" than  a t  t h e  equator .  Thus t h e  complex motions 

o f  t h e  p l a n e t ' s  atmosphere are c l e a r l y  not  y e t  understood.  

3.2 Atmosphere 

Sa tu rn  appears  g e n e r a l l y  much l i k e  J u p i t e r  a l though 

our  knowledge of  i t s  s p e c t r a  i s  more l i m i t e d  due t o  i t s  grea te r  

d i s t a n c e  from t h e  Earth., There i s ,  i n  f a c t ,  some con t rove r sy  

e x i s t i n g  r ega rd ing  i d e n t i f i c a t i o n  of c e r t a i n  s p e c t r a l  features., 

However, i t  appears  f a i r l y  c e r t a i n  t h a t  NH3, CH4, and H2 have 

been observed i n  t h e  atmosphere and t h a t  t h e  tempera ture  i n  t h e  

:c_cion: L ~ 2  .:trongi;cst abso rp t ion  i s  i n  t h e  range  9O0K-100"K. 

The Sa tu rn  CH4 and NH3 bands, j u s t  as those  observed 

on J u p i t e r ,  appear  as ve ry  s t rong  f e a t u r e s .  The i n t e n s i t i e s  

are  d i f f e r e n t ,  however, such t h a t  Sa turn  abundances are u s u a l l y  

s t a t e d  as 350 m a t m  f o r  CH4 and less than  2 m a t m  NH3, u s i n g  

t h e  i n t e n s i t i e s  o f  bands i n  t h e  6000-9000 A r e g i o n  and a t  

6450 1 r e s p e c t i v e l y  (Rea 1962) .  

abundances f o r  CH4 of 150 m a t m  and f o r  NH3 o f  7 m a t m .  

0 

These c o n t r a s t  w i t h  J u p i t e r  

T I . . _ .  I -  1 n c q  ---- --C---,A A n t o  
~ U L ~ J ~ L  L ~ J L  L ~ t z c i l  L i i L L c i L c u  uaLa for S a t u r ~  she+? t h e  S ~ Z E  Nu- --3 

and CH4 bands as on J u p i t e r ,  but w i t h  t h e  NH3 much weaker. 

Moroz (1961) ,  examining t h e  i n f r a r e d  spectrum w i t h  a r e s o l u t i o n  

o f  about  200 w ,  observed an  i n t e n s i t y  g r e a t e r  t han  Ku ipe r ' s  i n  

t h e  1.65-1.8 and 2,0-2.311. r eg ions .  This  may be due t o  t h e  

r e l a t ive ly  n e u t r a l  r e f l e c t i o n  spectrum o f  t h e  r i n g s  superimposed 

on t h e  d i s k  spectrum, o r  perhaps t o  g r e a t e r  appa ra tus  

s e n s i t i v i t y .  A t  any ra te ,  an  abundance of 10-15 c m  a t m  of NH3 
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was e s t ima ted  us ing  t h e s e  data .  Th i s  number i s  much smaller 

than  t h e  o r i g  n a l  estimate,  bu t  even more s u r p r i s i n g  i s  t h e  

f a c t  t h a t  no NH3 l i n e s  were found on e x c e l l e n t  h igh  d i s p e r s i o n  

spectrograms taken  f o r  j u s t  t h a t  purpose i n  1962 (Spinrad  1964).  

It appea r s ,  t hen ,  t h a t  some obse rva t ions  have been u n r e l i a b l e  

o r  t h a t  t h e  NH3 abundance on Saturn i s  v a r i a b l e .  

Molecular hydrogen i s  t h e  o t h e r  a tmospheric  c o n s t i t u e n t  

which has  t h u s  far been i d e n t i f i e d ,  Both t h e  S(1)  and S ( 0 )  

l i n e s  o f  t h e  (4,O) band were observed by Spinrad ,  l e a d i n g  t o  

an  abundance e s t i m a t e  o f  40 km atm H2,. This i s  n o t  fa r  from 

t h e  v a l u e  computed assuming s o l a r  composi t ion.  

Murray and Wildey (1963) , us ing  t h e  8 - 1 4 ~  i n f r a r e d  

window o f  ou r  atmosphere,  r epor t  t h a t  they  were unable  t o  

de tec t  any s i g n a l  from Sa tu rn  and thus  set  an upper l i m i t  f o r  

t h e  tempera ture  a t  105°K. This  can be compared w i t h  a r o t a t i o n -  

a l  t empera tu re  of 88°K obta ined  from t h e  H2 s p e c t r a ,  and an  

8 - 1 4 ~  tempera ture  o f  128°K r e p o r t e d  by Menzel, Coblentz ,  and 

Lampland (1926).  The d iscrepancy  between t h e  two i n f r a r e d  

v a l u e s  i s  s i g n i f i c a n t  enough t o  j u s t i f y  f u r t h e r  rad iometer  

work on S a t u r n  us ing  t e l e scopes  l a r g e r  than  t h e  19" ins t rument  

employed by Murray and Wildey. 

The on ly  q u a n t i t a t i v e  s tudy  of  t h e  a b s o r p t i o n  a c r o s s  

S a t u r n ' s  d i s k  w a s  made by Hess (1953) when t h e  r i n g s  were edge- 

on t o  t h e  E a r t h ,  

i n c r e a s e  i n  e q u i v a l e n t  w id th  toward  t h e  p o l e s ,  t h i s  be ing  

The 6H4 band a t  6190 8, e x h i b i t e d  a marked 

a c c e p t e d  d e s p i t e  t h e  l a r g e  errors  due t o  d i f f i c u l t i e s  i n  
I I T  R E S E A R C H  I N S T I T U T E  
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determining the l a t i t u d e  on Saturn a t  which t h e  s p e c t r o g r a p h i c  

s l i t  w a s  placed.  I n t e r p r e t a t i o n  i s  d i f f i c u l t ,  however, s i n c e  

s c a t t e r i n g  through a hazy atmosphere could  a l t e r  any estimates 

made f o r  r e l a t ive  atmospheric  he igh t s .  

F i n a l l y ,  it might be mentioned t h a t  w i t h  t h e  s l i t  

a l i g n e d  a long  t h e  equa to r ,  t h e  CH4 l i n e s  are  i n c l i n e d  so  t h a t  

t h e  methane appea r s  t o  be r o t a t i n g  about  10 p e r c e n t  f a s t e r  

t han  t h e  c loud  layer  producing t h e  s c a t t e r e d  Fraunhofer  

spectrum (Munch and Spinrad  1962) .  

t o  t h e  case f o r  J u p i t e r ,  where t h e  l i n e  i n c l i n a t i o n s  were less 

than  i f  t h e  gas  r o t a t e d  w i t h  the  p l a n e t  and i s  i n  c o n t r a s t  t o  

t h e  H2 l i n e s ,  which sugges t  t h a t  t h e  hydrogen i s  a p p a r e n t l y  

moving w i t h  t h e  same r o t a t i o n a l  v e l o c i t y  as t h e  p l a n e t .  

3 . 3  I n t e r i o r  

This  i s  e x a c t l y  o p p o s i t e  

The i n t e r i o r  o f  Sa tu rn  p r e s e n t s  about  t h e  same problem 

as t h e  i n t e r i o r  of J u p i t e r .  T h e r e  i s  g e n e r a l  agreement t h a t  

any p l a n e t  l a r g e r  t han  Neptune must posses s  l a r g e  q u a n t i t i e s  

o f  hydrogen and helium i f  i t s  d e n s i t y  i s  t o  be i n  t h e  range 

0 . 7  t o  1.4 gjcm'. 

smaller amount o f  heavy, e a r t h l i k e  materials.  

3 -_ 'l'here i s  a i s o  thought  Lo be present  Z iiiiich 

The i n t e r n a l  c o n s t i t u t i o n  o f  Sa tu rn  has  been i n v e s t i -  

g a t e d  on t h e  b a s i s  of  t h e  atomic theo ry  o f  s o l i d s ,  The 

s t a r t i n g - p o i n t  o f  such a s t u d y  i s  t h e  t h e o r e t i c a l  p r e s s u r e -  

d e n s i t y  r e l a t i o n s h i p  f o r  s o l i d  hydrogen a t  a b s o l u t e  z e r o  

t empera tu re ;  t h e  i n t e r n a l  temperature  o f  t h e  p l a n e t  can be 

shown t o  be t o o  low t o  in f luence  t h e  d e n s i t y  apprec i ab ly .  
I I T  R E S E A R C H  I N S T I T U T E  
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The hydrogen abundance i s  g e n e r a l l y  be l i eved  t o  be 60-65 per -  

c e n t  by mass 

p e r c e n t ,  w i t h  t h e  remainder helium. According t o  D e  Marcus 

(1957) ,  i t  appears  t h a t  t h e  i n s e n s i t i v i t y  of t h e  hydrogen abun- 

dance t o  changes of  v a r i o u s  assumptions g i v e s  every  i n d i c a t i o n  

t h a t  f u t u r e  improvements a r e  not l i k e l y  t o  l ead  t o  abundance 

estimates which are  ve ry  d i f f e r e n t  than t h e  p r e s e n t  ones., 

t h e  heavy elements probably no more than  a f e w  

I n  c o n s t r u c t i n g  models f o r  Sa tu rn ,  t h e  equa t ion  o f  

s t a t e  o f  hydrogen w a s  used t o  r e l a t e  t h e  p r e s s u r e  and d e n s i t y  

i n  t h e  o u t e r  l a y e r s  of t h e  p l a n e t .  The equa t ion  o f  h y d r o s t a t i c  

e q u i l i b r i u m  w a s  i n t e g r a t e d  inward from t h e  s u r f a c e  t o  a p o i n t  

where t h e  model w a s  completed by p l a c i n g  a dense core i n  t h e  

c e n t e r .  Having f i x e d  t h e  d e t a i l s  o f  t h i s  c o r e ,  t h e  e l l i p t i c i t y  

w a s  c a l c u l a t e d ,  and a lways  tu rned  o u t  t o  be somewhat l a r g e r  

than  t h e  e l l i p t i c i t y  o f  Sa turn .  

Th i s  d i f f e r e n c e  may be due t o  t h e  u n c e r t a i n t y  i n  t h e  

r o t a t i o n a l  pe r iod ,  s i n c e  t h e  discrepancy between e l l i p t i c i t i e s  

i s  on ly  about  10 pe rcen t  and could be removed by a l t e r i n g  t h e  

r o t a t i o n a i  p e r i o d  w i i h i n  reassriabk limits It m - 7 ~  u u y  U I U "  - 1 o n  be 

due t o  e r r o r s  i n  t h e  e x t r a p o l a t e d  equa t ion  o f  s t a t e  of hydrogen 

which was used i n  t h e s e  c a l c u l a t i o n s .  D e  Marcus (1957) made 

some improvements w i t h  an a l t e r n a t i v e  equa t ion  of  s t a t e ,  but  

s t i l l  noted  minor d i s c r e p a n c i e s ,  It thus  appears  t h a t  t h e  

d e r i v a t i o n  of  a model which e x a c t l y  reproduces t h e  i n t e r n a l  

f e a t u r e s  of Sa tu rn  does n o t  seem p o s s i b l e  on t h e  b a s i s  of 
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. p r e s e n t  knowledge and t h a t  i t  i s  d o u b t f u l  i f  anyth ing  a d d i t i o n a l  

w i l l  be s e t t l e d  be fo re  more d e t a i l e d  obse rva t ions  are made from 

a t  l e a s t  a f ly-by  miss ion ,  

3 . 4  S a t u r n ' s  Rings 

The r i n g s  of  Sa tu rn  were f i r s t  seen  i n  1610 by G a l i l e o ,  

bu t  t h e i r  n a t u r e  w a s  n o t  determined u n t i l  1656 when Huygens 

d i s c e r n e d  t h a t  t h e  p l a n e t  was surrounded by a c i r c u l a r  r i n g  

t h a t  w a s  v e r y  f l a t  and was n o t  connected t o  t h e  p l a n e t .  

1670 ' s  C a s s i n i  found t h e  r i n g  was double ,  a dark  l i n e  s e p a r a t i n g  

i t  i n t o  t w o  c o n c e n t r i c  r ings ,  The dark  l i n e  i s  c a l l e d  C a s s i n i ' s  

d i v i s i o n ,  t h e  o u t e r  r i n g  A ,  and t h e  i n n e r  r i n g  B .  I n  1850 

Bond a t  Harvard and Davies i n  England independent ly  d i scove red  

a v e r y  tenuous t h i r d  r i n g ,  a "crape r i n g "  o r  r i n g  C ,  i n s i d e  

t h e  f i r s t  two. Other d i v i s i o n s  o f  t h e  main r i n g s  have been 

d e s c r i b e d  from t i m e  t o  t i m e ,  Genera l ly ,  though, t h e s e  are 

j u s t  c i r c l e s  of  lesser i n t e n s i t y  r a t h e r  than  an a c t u a l  d i v i s i o n .  

The most conspicuous such d i v i s i o n  i s  i n  r i n g  A and i s  c a l l e d  

Encke ' s d i v i s i o n  

I n  t h e  

T T - A - 2  U I ~ L L L  1 ce le s t i a l  n;ezl;anlcs W ~ E  adeqnately developedj  

many astronomers  thought  S a t u r n ' s  r i n g s  t o  be cont inuous bands. 

Maxwell, i n  1859, w a s  t h e  f i r s t  t o  show t h a t  a l i q u i d  o r  s o l i d  

r i n g  cou ld  no t  s u r v i v e  r o t a t i n g  around a p l a n e t ,  bu t  t h a t  a 

r i n g  composed o f  a m u l t i t u d e  of s m a l l  bodies  would be s t a b l e  

s o  long  as t h e  t o t a l  mass o f  t h e  small bodies  w a s  s m a l l  com- 

pa red  t o  t h e  p l a n e t ,  

v e r i f i e d  by o b s e r v a t i o n ,  s i n c e  i t  sugges t s  t h a t  t h e  more 

This  t h e o r e t i c a l  deduct ion  may be 

I I T  R E S E A R C H  I N S T I T U T E  

2 1  



I 

I 

remote p a r t i c l e s  have t o  o r b i t  more s lowly than  t h e  n e a r e r  ones.  

Keeler, measuring v e l o c i t i e s  by means of t h e  Doppler s h i f t  o f  

s p e c t r a l  l i n e s ,  demonstrated t h a t  t h e  r i n g  w a s  indeed composed 

o f  many bodies  by showing i t  w a s  i n  d i f f e r e n t i a l  r o t a t i o n ,  

t h e  i n n e r  p a r t  moving f a s t e r  than t h e  o u t e r  p a r t .  Each p a r t i c l e  

t hen  making up t h e  r i n g  t r a v e l s  around Sa tu rn  almost a s  i f  i t  

were a l l  a lone  i n  a Kepler ian  o r b i t .  

The o u t e r  diameter  of r i n g  A i s  272,500 km, t h e  i n n e r  

The o u t e r  d iameter  of  r i n g  B i s  234,200 d iameter  239,900 km. 

km, t h e  i n n e r  d iameter  181,300 km. The i n n e r  d iameter  of r i n g  

C i s  148,100 km. It appears  t h a t  t h e  r i n g s  are ve ry  t h i n ,  f o r  

if they  were many p a r t i c l e s  t h i c k  damping by c o l l i s i o n s  would 

reduce  t h a t  t h i c k n e s s  t o  e f f e c t i v e l y  one pa r t i c l e  i n  less than  

a y e a r .  It i s  e s t i m a t e d  t h a t  t h e  l a r g e s t  p a r t i c l e s  may be 

s e v e r a l  meters i n  s i z e  bu t  t h a t  t h e  average s i z e  i s  much s m a l l e r .  

The f i n e  i n s i d e  r i n g  i s  a p p a r e n t l y  composed of a predominantly 

f i n e  d u s t  (Barabashov 1964). The gaps i n  t h e  r i n g s  are appar-  

e n t l y  due t o  p e r t u r b a t i o n s  caused by S a t u r n ' s  s a t e l l i t e s .  

T h i s  i s  - - - - - - . - . -am a L t z a u i i a i i L G  effzct , wherehf7 ring p a r t i c l e s  having 

p e r i o d s  of r e v o l u t i o n  r e l a t e d  t o  t h e  p e r i o d s  of t h e  i n n e r  

s a t e l l i t e s  a r e  soon f o r c e d  i n t o  d i f f e r e n t  o r b i t s .  

Kuiper has  sugges ted  t h a t  t h e  p a r t i c l e s  making up t h e  

r i n g  system a r e  e i t h e r  covered by f r o s t  o r  composed of ice  on 

t h e  b a s i s  of  t h e  low r e f l e c t i v i t y  of  t h e  r i n g  n e a r  1 . 5 ~ .  

Recent work by F rede r i ck  (1963) and Owen (1965a) i n  t h e  r eg ion  

10,400-10,900 has  s u b s t a n t i a t e d  t h i s  sugges t ion .  The 
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obse rva t ion  of t h i s  second abso rp t ion  makes i t  v i r t u a l l y  c e r t a i n  

that: t h e  absorb ing  subs tance  a s s o c i a t e d  wi th  t h e  r i n g  p a r t i c l e s  

i s  water ice., 

t h e  s o l i d - s t a t e  equ iva len t  of t h e y /  vapor band a t  1.38~. The 

second abso rp t ion  corresponds t o  t h e  p vapor band a t  0,93p. 

Thus t h e  s i t u a t i o n  appa ren t ly  corresponds t o  a t r u e  s o l i d  s t a t e  

abso rp t ion  and n o t  an  evapora t ion  e f f e c t ,  s i n c e  i n  t h e  l a t t e r  

case, one would only  expec t  t o  see  t h e  l o w  temperature  r o t a t i o n -  

a l  l i n e s  i n  t h e  vapor band a t  0,93p, 

The abso rp t ion  observed by Kuiper a t  1 . 5 ~  i s  

That i ce  can p e r s i s t  under cond i t ions  o f  h igh  vacuum 

i s  c l ea r  from i t s  vapor p re s su re ,  which i s  about 1.5 x 10°19w Hg 

a t  90'K. This imp l i e s  t h a t  t h e  l a r g e s t  i ce  p a r t i c l e s  which 

could  evapora t e  s i n c e  t h e  o r i g i n  o f  t h e  s o l a r  s y s t e m  are  only  

s l i g h t l y  l a r g e r  than  a water  molecule, The same argument may 

be used t o  exclude ices o f  methane and ammonia, s i n c e  t h e i r  

vapor p r e s s u r e s  are t o o  h igh ,  

Fu r the r  d e t a i l e d  informat ion  concerning t h e  r i n g s  may 

be ob ta ined  du r ing  t h e  o c c u l t a t i o n  o f  s tars  by t h e  r i n g s ,  

occultation of b r i g h t  scars is exceedingly rare, o c c u r r i n g  

less t h a n  once a cen tu ry .  However, o c c u l t a t i o n s  of  s tars  of 

s t e l l a r  magnitude 7 t o  8 occur  more than  once a decade, so 

t h a t  p r o f e s s i o n a l  obse rva t ions  i n  t h e  near f u t u r e  could  y i e l d  

a d d i t i o n a l  in format ion  on t h e  o p t i c a l  t h i c k n e s s  and d i s t r i b u t i o n  

of m a t t e r  i n  t h e  r i n g s ,  

The 
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3 . 5  Radio Emission 

Detec t ion  o f  3 . 4 5  c m  r a d i a t i o n  from Sa tu rn  w a s  achieved 

(Cook e t  a l .  1960) w i t h  an X-band ruby maser rad iometer  i n -  

s t a l l e d  on t h e  8 5  f t  Un ive r s i ty  o f  Michigan antenna.  The 

i n i t i a l  d e t e c t i o n  came from seven d r i f t  c u r v e s ,  t h e  average 

i n d i c a t i n g  a peak an tenna  temperature  o f  about  0.1"K. This 

v a l u e  i n d i c a t e s  an  e q u i v a l e n t  black body d i s k  tempera ture  o f  

roughly llO"K, n e g l e c t i n g  t h e  effect  o f  r a d i a t i o n  from t h e  

r i n g s .  This  i s  i n  f a i r  agreement w i t h  o p t i c a l  measurements 

and w i t h  t h e  i n f r a r e d  d a t a  of Murray and Wildey. 

Later, work w a s  done a t  t h e  Na t iona l  Radio Astronomy 

Observatory (Drake 1962) us ing  a 10 c m  t r a v e l i n g  wave tube  

rad iometer .  

196"K, when it w a s  assumed t h e  r i n g s  d i d  n o t  c o n t r i b u t e  t o  t h e  

observed  emission.  

The mean v a l u e  of the  b l ack  body tempera ture  w a s  

Combining t h e  d a t a  obta ined  a t  t h e  two wavelengths ,  

and assuming t h a t  t h e  f l u x  d e n s i t y  S fo l lows  t h e  l a w  

S = K $ ,  

where K i s  a c o n s t a n t  a n d y  i s  t h e  f requency ,  a va lue  o f  

x = 1.4 i s  o b t a i n e d ,  It i s  thus p o s s i b l e  t h a t  t h e  spectrum 

i s  n o t  t h a t  o f  a b l a c k  body ( f o r  which x = 2 )  

One i n t e r p r e t a t i o n  i s ,  of c o u r s e ,  t h a t  t h e  r a d i a t i o n  

i s  o f  thermal  o r i g i n ,  bu t  t h a t  the emiss ion  a t  t h e  two wave- 

l e n g t h s  ar ises  from d i f f e r e n t  depths o f  an atmosphere w i t h  a 

t empera tu re  g r a d i e n t .  A second i n t e r p r e t a t i o n  can be made by 
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assuming obse rva t ions  of atmospheric levels of  t h e  same 

tempera ture  a t  3 and 10 c m ,  Then, about 100°K of  b r i g h t n e s s  

tempera ture  a t  10 c m  i s  of nonthermal o r i g i n .  

t h e  a b s o l u t e  nonthermal raclio luminosi ty  o f  S a t u r n  appears  t o  

be less than  about 1 / 6  t h a t  of J u p i t e r  a t  c e n t i m e t e r  wavelengths .  

This  i s  n o t  s u r p r i s i n g ,  s i n c e  i t  has  o f t e n  been assumed t h a t  

t h e  r i n g s  o f  Sa tu rn  tend  t o  c a p t u r e  any r a d i a t i o n  b e l t  p a r t i c l e s ,  

p reven t ing  t h e  e x i s t e n c e  of  a dense b e l t  system, 

I n  any case, 

That t h e r e  i s  a b e l t  of a t  l eas t  some magnitude, however, 

i s  sugges t ed  by t h e  l i n e a r  p o l a r i z a t i o n  o f  10 c m  emission 

r e c e n t l y  d e t e c t e d  by ZhelezniTakov (1965) This  has  been a t t r i -  

bu ted  t o  synchro t ron  r a d i a t i o n  of r e l a t i v i s t i c  e l e c t r o n s .  The 

p o l a r i z a t i o n  p l ane  appears  t o  be c l o s e  t o  t h e  a x i s  of r o t a t i o n  

s o  t h a t  t h e  magnetic f i e l d  (with a d i p o l e  o r i e n t e d  a long  t h e  

r o t a t i o n a l  a x i s )  must be cons ide rab ly  deformed i n  t h e  r eg ion  

o f  t h e  r a d i a t i o n  source  ( e s t ima ted  t o  be a t  a d i s t a n c e  of t h e  

o r d e r  of one p l a n e t a r y  r a d i u s  from t h e  s u r f a c e ) .  The magnetic 

l i n e s  of f o r c e  could  be n e a r l y  pa ra l l e l  t o  t h e  equa to r  (and no t  

p e r p e n d i c u l a r  t o  i t  as a t  lower a l t i t u d e s )  due tzr thtie d i f f e r -  

e n t i a l  c h a r a c t e r  of t h e  plasma r o t a t i o n  i n  t h e  p l a n e t ' s  exo- 

sphe re .  This  c h a r a c t e r  o f  r o t a t i o n  may p o s s i b l y  be r e l a t e d  t o  

t h e  en t ra inment  of plasma by the  p a r t i c l e s  making up t h e  r i n g s ,  

4 .  URANUS AND NEPTUNE 

4 . 1  Background 

The p l a n e t s ,  o u t  t o  and i n c l u d i n g  S a t u r n ,  have been 

known t o  man s i n c e  t i m e  immemorial and i t  a p p a r e n t l y  d i d  not  
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occur  t o  anyone, dur ing  t h e  e a r l y  p e r i o d  of  advancing modern 

astronomy, t h a t  any o t h e r s  might e x i s t .  Thus Uranus w a s  d i s -  

covered i n a d v e r t e n t l y  i n  1 7 8 1  by W i l l i a m  Hersche l  w h i l e  i n  t h e  

process  of  a complete sky survey. A s  a r e s u l t  of t h e  impossi-  

b i l i t y  of r e c o n c i l i n g  p r e d i c t e d  and observed p o s i t i o n s  o f  

Uranus, Adams i n  England, and E e v e r r i e r  i n  France independent ly  

p r e d i c t e d  t h a t  a new p l a n e t  would be found i n  t h e  c o n s t e l l a t i o n  

o f  Aquarius;  t h u s ,  t h e  p l a n e t  Neptune was found i n  1 8 4 6 .  

Both p l a n e t s  have tremendous q u a n t i t i e s  of methane, 

a l though  no measurement f o r  t h e i r  mean molecular  a tmospheric  

weight  i s  y e t  a v a i l a b l e .  

very  f a i n t  c loud b e l t s  on Uranus, bu t  both p l a n e t s  appear  s o  

sma l l  i n  a t e l e s c o p e  t h a t  no permanent markings have e v e r  been 

observed .  Uranus may e x h i b i t  p e c u l i a r  climatic e f f e c t s  because 

o f  i t s  o r i e n t a t i o n ,  S ince  t h i s  p l a n e t ' s  a x i s  i s  f i x e d  n e a r l y  

i n  t h e  e c l i p t i c  p l a n e ,  t h e  angle  which i t  makes wi th  r e s p e c t  

t o  a l i n e  j o i n i n g  t h e  Sun and the p l a n e t  v a r i e s  throughout  i t s  

o r b i t .  Thus c o n d i t i o n s  vary  from a s i t u a t i o n  where on ly  one 

hemisphere r e c e i v e s  energy from t h e  Sun t o  t h e  o t h e r ,  f a m i l i a r  

c a s e  where t h e  Sun r ises and s e t s  once each Uranian day .  

4 . 2  Atmosphere ( s p e c t r a )  

Some t e n t a t i v e  work by Kuiper sugges t s  

The a b s o r p t i o n  bands i n  t h e  v i s i b l e  spectrum o f  t h e s e  

p l a n e t s  have been i n t e r p r e t e d  as due t o  2 . 2  and 3 . 7  km a t m  of  

CH4 on Uranus and Neptune ,  r e s p e c t i v e l y .  

bands comple te ly  a l t e r  t h e  appearance of  t h e  cont inuous  spectrum 

The huge methane 

of  Uranus from t h e  yellow t o  the 

weaker bands of  o t h e r  molecules.  
111 R E S E A R C H  

i n f r a r e d ,  and may concea l  

N o  NH3 has been observed 
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e i t h e r  p l a n e t ;  i t  i s  probably frozen o u t ,  as i s  C02 and H20.  

A most i n t e r e s t i n g  f e a t u r e  of t h e  s p e c t r a  of t h e s e  

p l a n e t s  i s  t h e  presence  o f  s e v e r a l  broad a b s o r p t i o n  l i n e s  i n  

t h e  r e d  and n e a r - i n f r a r e d  which a r e  most l i k e l y  due t o  normally 

forb idden  t r a n s i t i o n s  i n  t h e  H2 molecule,  An i n t e n s e  l i n e  a t  

8267 w a s  observed f i r s t ,  w i th  a wid th  o f  about  30 i. Herzberg 

reasoned t h a t  what was be ing  observed was a c t u a l l y  a t r a n s i t i o n  

of  t h e  H2 d i p o l e  spectrum induced by p r e s s u r e  e f f e c t s .  He then  

photographed t h e  spectrum of H2 a t  a p r e s s u r e  of 100 atm and a 

tempera ture  of 78"K, and observed f i v e  l i n e s  i n  t h e  v i c i n i t y  

of  8250 A ,  each approximately 40 i wide. 

t h e  S ( 0 )  l i n e  of t h e  3 , O  band was found t o  be 8250 8, somewhat 

lower than  t h e  Uranus l i n e  measured by Kuiper a t  8267 %., and 

l a t e r  by Herzberg himself  a t  8260 %.. 
d i f f e r e n c e s  i n  t h e s e  numbers as due t o  psycho log ica l  e f f e c t s  

i n  f i n d i n g  t h e  c e n t e r  of a broad l i n e ,  and b e l i e v e s  t h e  a s s i g n -  

ment of  t h e  Uranus l i n e  t o  H2 t o  be reasonably  c e r t a i n .  

t h e  Uranus 2 A s h i f t  i s  real ,  i t  may be due t o  t h e  d i f f e r e n t  

The wavelength o f  

Herzberg r ega rds  t h e  

If 
0 

m m l  LlluLLLuLGa n n , . l  rrn 4-.4,.-;-- AlluuLAl,5 t h e  abscrption (Xes 1962) .  

An i n t e r e s t i n g  c o n t r a s t  between t h e  Uranus and l a b o r a t o r y  

s p e c t r a  i s  t h e  appa ren t  absence of a l i n e  a t  8166 1 d e s p i t e  

t h e  f a c t  t h a t  i n  t h e  l a b o r a t o r y  a l i n e  h e r e  has  an  i n t e n s i t y  

g r e a t e r  than  t h e  8258 l i n e .  The l i n e  i s  a s u p e r - p o s i t i o n  

o f  t h e  S ( 1 )  l i n e  of t h e  3-0 band and of  t h e  Q ( O ) ,  Q ( 1 )  combin- 

a t i o n  o f  t h e  (2,0)(1,0) band. I t s  weakening could  be due t o  

a lower percentage  of t h e  H2-H2 c o l l i s i o n s .  From t h e  ha l f -wid th  
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of t h e  Uranus S ( 0 )  l i n e  Herzberg estimates t h e  tempera ture  t o  

be c l o s e  t o  t h a t  f o r  t h e  l a b o r a t o r y  s p e c t r a  ( i - e . ,  about 78°K) 

s o  t h a t  t h e  d iminut ion  i n  t h e  i n t e n s i t y  o f  t h e  8166 l i n e  

must be due p r i m a r i l y  t o  d i l u t i o n  by a f o r e i g n  gas. 

of t h e  d e n s i t y  of t h e  p l a n e t  t h i s  i s  cons ide red  t o  be H e  w i t h  

a He:H2 r a t i o  of 3 : l .  This  l a t t e r  i s  o n l y  a crude  number and 

probably on ly  r e p r e s e n t s  a lower l i m i t  for  t h e  r a t i o .  

I n  view 

The i n t e n s i t y  o f  t h e  S(0) Uranus l i n e ,  from a v i s u a l  

comparison w i t h  l a b o r a t o r y  p l a t e s ,  i s  e q u i v a l e n t  t o  120 m a t  

100 a t m .  

ponds t o  127 km a t m  of H2 and 378 km o f  H e  w i t h  a t o t a l  p r e s s u r e  

o f  8 m a t  t h e  bottom of  t h e  r e f l e c t i n g  l a y e r .  These numkers 

are  r a t h e r  u n c e r t a i n  a t  t h e  p re sen t  t i m e ,  bu t  t h e  techniques  

are r e l i a b l e  and f u r t h e r  work should improve t h e s e  estimates.  

For a 3:l abundance r a t i o  o f  H e  and H2 t h i s  c o r r e s -  

Two a d d i t i o n a l  i n t e r e s t i n g  f e a t u r e s  i n  t h e  spectrum of  

Uranus were found a t  7500 8, and 7524 A, w i t h  subsequent  s p e c t r a  

adding  a t h i r d  a t  7471 i. 
same bands,  and t h e  presence  of a f e a t u r e  a t  7546 ;I i n  t h e  

spec t rum of Neptune confirmed i ts  presence  i n  t h e  ‘v’ranus 

spectrum. Laboratory s p e c t r a  of many gases  were i n v e s t i g a t e d  

i n  an a t t empt  a t  i d e n t i f i c a t i o n ,  bu t  a l l  f a i l e d  t o  account  f o r  

the observed  features., F i n a l l y ,  Owen (1965b) w a s  l e d  t o  re- 

c o n s i d e r  the  p o s s i b i l i t y  t h a t  they might i n  fac t  be due t o  CH4. 

Using a n  e f f e c t i v e  p a t h  l e n g t h  of  over  5000 m a t m ,  good agree-  

ment w a s  found between t h e  l abora to ry  and Uranus s p e c t r a ,  w i t h  

t h e  e x c e p t i o n  of  a Uranus feature a t  7481 1. 

Neptune w a s  found t o  e x h i b i t  t h e s e  

Thus i t  appears  
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l i k e l y  t h a t  methane i s  r e s p o n s i b l e  f o r  a lmost  a l l  t h e  h i t h e r t o  

u n i d e n t i f i e d  abso rp t ions .  

4.3 I n t e r i o r  

The r e l a t i v e l y  good agreement which has  been reached 

r e g a r d i n g  t h e  composition o f  J u p i t e r  and Sa tu rn  i s  due p r i m a r i l y  

t o  t h e  f ac t  t h a t  no element o r  subs tance  has  p r o p e r t i e s  which 

can be confused w i t h  hydrogen, t he  c h i e f  c o n s t i t u e n t  o f  t h o s e  

p l a n e t s .  

and Neptune, on t h e  o t h e r  hand, a re  e s t ima ted  a t  on ly  0.23 and 

0.14,  r e s p e c t i v e l y  ( D e  Marcus and Reynolds 1962). This  pre-  

dominance of  material o t h e r  than hydrogen w i t h i n  Uranus and 

Neptune as w e l l  as t h e  r e l a t ive  lack of o b s e r v a t i o n a l  d a t a  p re -  

c ludes  t h e  p o s s i b i l i t y  of  o b t a i n i n g  a we l l -de f ined  s o l u t i o n  t o  

t h e  composi t iona l  problem a t  t h e  p r e s e n t  t i m e ,  

The maximum weight  f r a c t i o n s  of hydrogen on Uranus 

I n  c o n s t r u c t i n g  models f o r  Uranus and Neptune, Reynolds 

and Summers (1965) have used estimates f o r  t h e  r e l a t ive  abun- 

dances of t h e  c o n s t i t u e n t  e l e m e n t s  p rovided  by Al l e r  (1961). 

Chemical e q u i l i b r i u m  of  the A l l e r  mixture  a t  t h e  low tempera- 

t u r e s  c h a r a c t e r i z i n g  the o u t e r  r eg ions  of t h e  solar  s y s t e m  

r e s u l t s  i n  s i l i c o n  and magnesium be ing  p r e s e n t  i n  t h e  form o f  

ox ides  The remaining oxygen, a s  w e l l  as t h e  carbon,  n i t r o g e n ,  

and s u l f u r ,  e x i s t  i n  t h e  f o r m  of hydr ides .  I r o n  and n i c k e l  

are c o n s i d e r e d  t o  remain i n  t h e  uncombined s t a t e .  
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Two approximations can r a t h e r  n a t u r a l l y  be made f o r  

t h e s e  p l a n e t s .  F i r s t ,  t h e  s t r e n g t h  of t h e  m a t e r i a l  composing 

t h e s e  bodies  i s  g r e a t l y  exceeded by t h e  e f f ec t  of  t h e  i n t e r n a l  

p r e s s u r e s  a t  a l l  depths  below a n e g l i g i b l y  s m a l l  d i s t a n c e  from 

t h e  s u r f a c e ,  so  t h a t  t h e  equat ion  o f  h y d r o s t a t i c  e q u i l i b r i u m  

can be employed. Second, for  s o l i d  bodies  having t h e  masses 

and dimensions c h a r a c t e r i s t i c  of t h e  o u t e r  p l a n e t s  and having 

c e n t r a l  t empera tures  of  t h e  order  o f  10,000"K o r  less ,  t h e  

e f f ec t s  of  tempera ture  w i l l  be completely ove r r idden  by 

p r e s s u r e  effects .  With t h e s e  assumptions,  t h e  p re s su re -dens i ty  

r e l a t i o n  and t h e  C l a i r a u t  equat ion  f o r  t h e  e l l i p t i c i t y  can be 

so lved  us ing  an  equa t ion  of s t a t e  f o r  each o f  t h e  c o n s t i t u e n t s .  

These are approximate and a number of e x t r a p o l a t i o n s  and i n t e r -  

p o l a t i o n s  must be performed. However, t h e  equa t ions  do provide  

r easonab le  and c o n s i s t e n t  e s t ima tes  and permit  t h e  c a l c u l a t i o n  

o f  models f o r  Uranus and Neptune. 

The r e s u l t s  i n d i c a t e  the  composi t ion of  t h e s e  p l a n e t s  

must l i e  somewhere between t h a t  of  a pure  hydrogen-helium-neon 

mixture  and t h a t  o f  a p l a n e t  composed e n t i r e l y  of  n o n v o l a t i l e  

materials, The d i f f e r e n c e  i n  mean d e n s i t y  of  t h e  two p l a n e t s  

i s  p r i m a r i l y  dependent on t h e  r e l a t i v e  amounts of t h e  l i g h t  

e lements  r e t a i n e d  by t h e  two bodies ,  A comparison o f  va lues  

o b t a i n e d  from t h e  models shows t h a t  t h e  f r a c t i o n  of  hydrogen- 

helium-neon r e t a i n e d  by Uranus i s  2 . 7  times t h e  f r a c t i o n  

r e t a i n e d  by Neptune. The i n t e r n a l  d e n s i t y  d i s t r i b u t i o n  p r e f e r r e d  

f o r  Neptune i n d i c a t e s  a moderate degree of  i n t e r n a l  condensa t ion  
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w i t h  t h e  format ion  of  a l a r g e ,  r e l a t i v e l y  homogeneous core.  The 

models o b t a i n e d  f o r  bo th  p l a n e t s  i:hen are composed p r i m a r i l y  o f  

an  ice  (ammonia, methane, hydrogen s u l f i d e  and argon)  mixture  

w i t h  about  one-ha l f  t h e i r  mass being H 2 0  and a s m a l l  f r a c t i o n  of 

t h e  rock  mixture  (oxides  of  s i l i c o n ,  magnesium and i r o n ) .  

5 .  PLUTO 

P l u t o  w a s  d i scove red  i n  1930 by Clyde Tombaugh as a 

r e s u l t  o f  a d e l i b e r a t e  photographic  s e a r c h  i n i t i a t e d  y e a r s  

b e f o r e .  The s e a r c h  w a s  begun as e a r l y  as 1905 as t h e  r e s u l t  

of  c a l c u l a t i o n s  by P e r c i v a l  Lowell p r e d i c t i n g  t h e  e x i s t e n c e  o f  

a n o t h e r  p l a n e t  as w e l l  as a n  approximate l o c a t i o n  f o r  i t .  There 

w a s  c o n s i d e r a b l e  s u r p r i s e ,  however, due t o  t h e  f a c t  t h a t  i t  

w a s  found t o  be a s m a l l  t e r res t r ia l  type  p l a n e t .  

T h i s  f a c t ,  p l u s  t h e  extreme e c c e n t r i c i t y  of  i t s  o r b i t ,  

immediately brought  up t h e  ques t ion  of t h e  p l a n e t ' s  o r i g i n .  

There has  been p a r t i c u l a r  i n t e r e s t  i n  t h i s  problem s i n c e  i t :  i s  

c o n s i d e r e d  improbable t h a t  P lu to  could  have o r i g i n a t e d  a t  t h e  

same t i m e  and under t h e  same cond i t ions  as t h e  o t h e r  p l a n e t s .  

It i s  g e n e r a l l y  f e l t  t h a t  t w o  d i s t i n c t  p l a n e t s  w i t h  nea r  i n t e r -  

s e c t i n g  o r b i t s  ( such  as t h o s e  of P l u t o  and Neptune) cou ld  no t  

have formed dur ing  t h e  s o l a r  system e v o l u t i o n ,  b u t  r a t h e r  t h a t  

a s i n g l e  p l a n e t  would have r e s u l t e d  (Kuiper 1956a) .  F u r t h e r ,  

i t  c o u l d  n o t  be as l a r g e  as i t  i s  i f  accumulated by means o f  

a c c r e t i o n .  The s a t e l l i t e  o r i g i n  theo ry  i s  t h e  obvious a l t e r -  

n a t i v e ,  a l though  Kuiper does not f e e l  t h a t  an encounter  w i t h  

T r i t o n  has  any p a r t  i n  t h e  r e l e a s e .  H e  and Rabe have pre-.  

s e n t e d  c o n s i d e r a b l e  ev idence  t h a t  P l u t o  w a s  r e l e a s e d  from 
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Neptune as t h i s  p l a n e t  l o s t  mass du r ing  i t s  pe r iod  o f  e v o l u t i o n .  

Kuiper a l s o  p o i n t e d  o u t  t h a t  i f  P l u t o  o r i g i n a t e d  as a 

s a t e l l i t e  o f  Neptune, s low r o t a t i o n  would be expec ted ,  comparable 

t o  i t s  o r i g i n a l  pe r iod  of r e v o l u t i o n ,  Walker and Hardie  (1955) 

were a b l e  t o  measure t h e  r o t a t i o n a l  p e r i o d  of P l u t o  photornetri-  

c a l l y  i n  1955, The r e s u l t  gave a pe r iod  of  r o t a t i o n  o f  6 e 4  

days , a completely r easonab le  va lue .  

Few o t h e r  f a c t s  are  known about  P lu to  a s i d e  from i t s  

o r b i t a l .  e lements .  Kuiper (1950) made a d i r e c t  de te rmir la t ion  o f  

t h e  d i ame te r  of P l u t o  us ing  a d i s k  meter, This  i s  a t e l e s c o p i c  

a t tachment  designed t o  produce a small  a r t i f i c i a l  luminous d i s k  

of c o n t r o l l a b l e  b r i g h t n e s s ,  c o l o r ,  and diameter  which can  be 

compared w i t h  t h e  a s t ronomica l  bod: being s t u d i e d .  The v a l u e  

o b t a i n e d  w a s  0.46 t i m e s  t h e  diameter  of t h e  E a r t h ,  o r  about  

5860 km. This  i s  i n  good agreement w i t h  a r e c e n t  obse rva t ion  by 

H a l l i d a y  e t  a l .  (1965) ,  who, dur ing  a nea r  o c c u l t a t i o n  o f  a 15 th  

magnitude s t a r ,  e s t ima ted  a n  upper l i m i t  t o  t h e  l i n e a r  d iameter  

c?f P l u t o  as 6400 km. 

t h a t  o f  t h e  E a r t h  then  t h e  corresponding upper l i m i t  t o  t h e  

mass o f  P l u t o  would be 0.13 Ea r th  masses. I f ,  on t h e  o t h e r  

hand, t h e  c u r r e n t  v a l u e  of  0,92 E a r t h  masses were adopted  f o r  

t h e  mass of P l u t o ,  t h e  lower l i m i t  f o r  P l u t o ' s  mean d e n s i t y  

would be 50 g/cm , an i n c r e d i b l y  h igh  value f o r  a s m a l l  body 

where degeneracy cannot  s e t  i n ,  

I f  t h e  d e n s i t y  of  P l u t o  does no t  exceed 

3 

It i s  e s t i m a t e d  t h a t  t h e  maximum tempera ture  on P l u t o  

may be about  70°K, w i t h  t h e  average tempera ture  about  50"K0 Mo:,t 

s p e c i e s  would f r e e z e  ou t  of P l u t o ' s  t h i n  atmosphere,  t h e  bulk  of  

1 1 1  R E S E A R C H  I N S T I T U T E  

I 

32 



which i s  probably made up o f  neon and argon. I n  f a c t ,  as f a r  as 

can be t o l d ,  P l u t o  i s  p r a c t i c a l l y  a twin t o  T r i t o n  p h y s i c a l l y .  

6 .  BASIC SCIENTIFIC QUESTIONS 

There are  many s c i e n t i f i c  q u e s t i o n s  which can be asked 

a t  p r e s e n t  concerning any and a l l  c h a r a c t e r i s t i c s  o f  t h e  o u t e r  

p l a n e t s .  

o f  P l u t o ,  w e  are concerned w i t h  c o n d i t i o n s  such t h a t  most o f  t h e  

in fo rma t ion  t o  be o b t a i n e d  from a s imple  f l y b y  o r  o r b i t i n g  miss ion  

w i l l  be p r i m a r i l y  r e l a t e d  t o  t h e  o u t e r  l a y e r s  o f  a ve ry  e x t e n s i v e ,  

o p t i c a l l y  t h i c k  atmosphere. Because of  t h i s  s i t u a t i o n ,  e a r l y  

However, i t  must be kept i n  mind t h a t ,  w i t h  t h e  excep t ion  

miss ions  should  be devoted l a r g e l y  t o  r e s o l v i n g  q u e s t i o n s  r a i s e d  

by r e c e n t  Earth-based obse rva t ions  and t o  g e n e r a l l y  complet ing 

t h e  d e s c r i p t i o n s  o f  t h e s e  atmospheres and p l a n e t a r y  e x t e r i o r s .  

A t t e n t i o n  may then  be tu rned  i n  subsequent ,  more s o p h i s t i c a t e d  

miss ions  t o  problems d i r e c t l y  r e l a t e d  t o  p l a n e t a r y  s u r f a c e s  and 

i n t e r i o r s .  

Some o f  t h e  more p e r t i n e n t  q u e s t i o n s  which are  i n  

keeping w i t h  such a g o a l  are given below. 

1. What i s  t h e  s p e c i e s  c o n c e n t r a t i o n  and d i s t r i b u t i o n  
w i t h i n  t h e  atmospheres? I n  p a r t i c u l a r ,  what i s  t h e  
m-l conten t  on Saturn  ( o r  i s  i t  v a r i a b l e )  and what -3 
i s  t h e  H2-He r a t i o  on Uranus and Neptune? 

2. What i s  t h e  s t r u c t u r e  o f  t h e  b e l t s ,  s p o t s ,  and 
o t h e r  f e a t u r e s  which have been observed on S a t u r n ?  

3 .  What i s  t h e  mean molecular  weight  of t h e  atmos- 
phe res  o f  Uranus and Neptune? 

4 .  What i s  t h e  o r i g i n  o f  t h e  ' 'nonthermal'' r a d i o  n o i s e  
from Sa tu rn?  

5. What i s  t h e  magnitude and c o n f i g u r a t i o n  of t h e  
p l a n e t a r y  magnetic f i e l d s ?  
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8 .  

6 .  

7,  

8. 

9 .  

10 0 

11 0 

Do ionospher ic  and a u r o r a l  e f f ec t s  e x i s t  f o r  any 
o f  t h e  p l a n e t s ?  

What i s  t h e  temperature d i s t r i b u t i o n  and energy 
balance throughout t h e  atmospheres and bodies  o f  
t h e  p l a n e t s ?  

What i s  t h e  exac t  na tu re  of t h e  p a r t i c l e s  i n  t h e  
Sa tu rn ian  r i n g  system and what i s  t h e  mass of 
t h e  s y s t e m ?  

What i s  t h e  t r u e  r o t a t i o n a l  p e r i o d  of Sa tu rn?  

What are  t h e  b e s t  models f o r  t h e  p l a n e t s '  i n t e r i o r s ?  

What i s  t h e  mass and d iameter  o f  P l u t o ?  

7 .  BASIC MEASUREMENTS AND EXPERIMENTS 

The primary g o a l  o f  e a r l y  missions t o  t h e  o u t e r  p l a n e t s  

must be t o  c o n t r i b u t e  t o  t h e  d e s c r i p t i o n  of  t h e  o r i g i n  of  t h e  

s o l a r  s y s t e m ,  and t h e  subsequent e v e n t s ,  t h a t  l e d  t o  the  a r r ange -  

ment o f  t e r r e s t r i a l  and major p l a n e t s  as they  a r e  today.  

f i e l d  f o r  exper imenta t ion  by space probes i s  thus  almost  l i m i t -  

l e ss .  

o f  in format ion  which would b e  more n a t u r a l  t han  o t h e r s  t o  con- 

The 

There are c e r t a i n  experiments ,  however, and c e r t a i n  k inds  

s i d e r  f o r  an e a r l y  m i S S i o i i o  VI---- u1cy -:-I-+ L L L I & l I L  W l l  52 chzsen fro= 

among t h e  fo l lowing .  

7 . 1  Magnetometry 

The f i r s t  o u t e r  p l a n e t  mission should  obvious ly  i n c l u d e  

t h e  c a p a b i l i t y  f o r  magnetic f i e l d  measurements i n  t h e  range 10 -6 

t o  10 gauss .  Two ins t ruments  w i l l  be r e q u i r e d ,  one w i t h  a lower 

l i m i t  n e a r  10 gauss  f o r  i n t e r p l a n e t a r y  f i e l d  measurements and -6 
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t h e  o t h e r  w i t h  an upper l i m i t  near  10 gauss  f o r  p l a n e t a r y  f i e l d  

measurements, 

7 . 2  High-Resolution ER Spectroscopy 

A v a s t  amount of spec t roscop ic  d a t a  are  needed t o  answer 

t h e  c o u n t l e s s  number o f  ques t ions  r ega rd ing  t h e  p l a n e t a r y  atmo- 

s p h e r e s .  F i r s t  o f  a l l ,  s p e c i e s  i d e n t i f i c a t i o n ,  c o n c e n t r a t i o n ,  

and d i s t r i b u t i o n  w i t h i n  t h e  atmospheres must  be b e t t e r  under- 

s tood .  Aside from c o n t r i b u t i n g  t o  knowledge o f  t h e  i n t e r i o r s ,  

t h e  answers t o  t h e s e  ques t ions  r e l a t e  t o  t h e  r a d i a t i o n  ba lance  

i n  t h e  atmosphere and t h e  s t r u c t u r e  of b e l t s ,  s p o t s ,  o r  f e a t u r e s  

which are as y e t  unexplained,  

g a t i o n s  are: 

Seve ra l  o t h e r  d e t a i l e d  i n v e s t i -  

7 . 3  

a)  

b) Atmospheric temperature  de te rmina t ion  f o r  Uranus 

Determinat ion of NH3 c o n t e n t  on Sa turn .  

u s ing  t h e  broadening of H2 l i n e s .  

Aurora l  and a i rg low emission s p e c t r a  t o  determine 
ionosphe r i c  p r o p e r t i e s  f o r  any o f  t h e  p l a n e t s ,  

Search f o r  complex o rgan ic  molecules ,  

E2-He ratio on Uranus and Neptune. 

c)  

d )  

e >  

V i s i b l e  and UV Spectroscopy and Polar imet ry  

Spec t roscopic  examination o f  t h e  p l a n e t a r y  atmospheres 

i n  t h e  v i s i b l e  and UV s p e c t r a  should y i e l d  a d d i t i o n a l  i n fo rma t ion  

r e g a r d i n g  c o n s t i t u e n t s ,  p r e s s u r e ,  t empera ture  and s p a t i a l  d i s -  

t r i b u t i o n  o f  m a t e r i a l s  En a d d i t i o n ,  a t t empt s  a t  i d e n t i f i c a t i o n  

o f  a d d i t i o n a l  compounds i s  important  i n  c o n s t r u c t i n g  r e l i a b l e  

a tmospher ic  and p l a n e t a r y  models 
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I -  Polar imet ry  s t u d i e s  might be used t o  determine t h e  

i 

I 

amounts of Rayleigh and M i e  s c a t t e r i n g  and t h u s  y i e l d  informa- 

t i o n  concerning c loud  cove r ,  p a r t i c u l a t e  matter i n  suspens ion ,  

and s t r u c t u r e  of  t h e  atmosphere,  The ex tens ion  of phase angle  

coverage as compared t o  Earth-based obse rva t ions  w i l l  be of 

s p e c i a l  s i g n i f i c a n c e  f o r  t h i s  work. 

7 .4  Radiometry 

On a c l o s e  approach t o  a p l a n e t  i t  becomes p o s s i b l e  t o  

o b t a i n  s p a t i a l l y  r e so lved  informat ion  us ing  microwave r e c e i v e r s .  

Thus i t  i s  f e a s i b l e  t o :  

7 ? 5  

a )  U s e  cm-wavelength observa t ions  t o  measure t h e  
magnitude and reg ions  of  emission on t h e  t h r e e  
outermost ma j o r  p l a n e t s  

b) Determine t h e  o r i g i n  o f  t h e  nonthermal n o i s e  on 
Sa turn .  

c )  U s e  a c t i v e  r a d a r  probing t o  determine such t h i n g s  
as a c t u a l  d i s t a n c e  t o  t h e  p l a n e t a r y  surface,  t r u e  
r o t a t i o n  p e r i o d s ,  e t c .  T h i s ,  however, may r e q u i r e  
power i n  excess  of t h a t  a v a i l a b l e  on ear ly  miss ions .  

Vehic le  Motion 

Data from a n  o r b i t e r  can provide  improved va lues  f o r  

g r a v i t a t i o n a l  parameters .  

7 . 6  Occul t  a t  i o n  Experiments 

Seve ra l  experiments  of t h i s  g e n e r a l  t ype  can be per -  

formed. Among them are :  

a )  O c c u l t a t i o n  o f  t h e  Sun o r  a s t a r  by Uranus and/or  
Neptune f o r  de te rmina t ion  o f  a tmospheric  mean 
molecular  weight .  
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b) Occu l t a t ion  by S a t u r n ' s  r i n g s  f o r  de t e rmina t ion  
o f  o p t i c a l  t h i c k n e s s  and d i s t r i b u t i o n  o f  matter.  

c )  Occu l t a t ion  of  t h e  v e h i c l e  s i g n a l  around t h e  
p l a n e t a r y  atmospheres f o r  d e n s i t y  de t e rmina t ions .  

7 . 7  Photography 

Photography m u s t  be considered as a t o o l  o f  i n v e s t i g a -  

t i o n ,  s i n c e  d a t a  w i t h  h igh  r e s o l u t i o n  w i l l  be o f  i n t e r e s t  when 

c o n s i d e r i n g  cloud s t r u c t u r e  and s u r f a c e  f e a t u r e s ,  The informa- 

t i o n  bandwidth r e q u i r e d  i s  ve ry  l a r g e ,  however, s o  t h a t  dur ing  

p re l imina ry  surveys i t  may be l i k e l y  t h a t  o t h e r  experiments  

w i l l  g i v e  more knowledge f o r  a given t r a n s m i t t i n g  c a p a c i t y .  

7 . 8  Atmospheric P e n e t r a t i o n  

It might be f e a s i b l e  t o  p l a n  f o r  p a r t  o f  t h e  payload 

t o  e n t e r  t h e  p l a n e t a r y  atmosphere, where i t  may " f l o a t "  l i k e  a 

bathyscape o r  a t  l e a s t  r e t u r n  informat ion  t o  t h e  o r b i t i n g  

v e h i c l e  be fo re  i t  c r a s h e s .  Such t h i n g s  as r a d i o  t r ansmiss ion  

through t h e  atmosphere,  mass spec t roscopy,  and chemical tes ts  

f o r  bio-molecules might be cons idered  he re .  

I .7 Pluto X2SS mi! Di2meter 7 n  

An approximate va lue  f o r  t h e  p l a n e t  diameter  i s  appar-  

e n t l y  t h e  only  p h y s i c a l  knowledge of  P l u t o  i n  e x i s t e n c e  a t  t h e  

p r e s e n t  t i m e .  An impor tan t  f i r s t  s t e p  might thus  be t o  d e t e r -  

mine the mass of t h e  p l a n e t  by observ ing  t h e  e f f e c t  o f  i t s  

g r a v i t a t i o n a l  f i e l d  upon t h e  motion of  t h e  space  v e h i c l e .  It 

i s  a l s o  p o s s i b l e  t o  determine t h e  diameter  much more a c c u r a t e l y ,  
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I e i t h e r  by p o s i t i o n i n g  t h e  v e h i c l e  so  as t o  cause an o c c u l t a -  

t a t i o n  of  a s ta r  by t h e  p l a n e t ,  o r  by a d i r e c t  o p t i c a l  observa-  

t i o n  us ing  an on-board t e l e s c o p e ,  

7.10 Earth-Based Observa t ions  

Because of t h e  g r e a t  d i s t a n c e s  t o  t h e  o u t e r  p l a n e t s ,  

most a d d i t i o n a l  d e t a i l e d  knowledge must  awai t  t h e  f l i g h t  of a 

space v e t i c l e .  

ments  which can be performed from E a r t h  du r ing  t h e  coming 

y e a r s .  Among t h e s e  a r e  (1) p r o f e s s i o n a l  obse rva t ion  of  7 t h  o r  

8 t h  magnitude s ta r  o c c u l t a t i o n s  by S a t u r n ' s  r i n g s  f o r  improved 

o p t i c a l  t h i ckness  and d i s t r i b u t i o n  de te rmina t ions ,  and ( 2 )  l a r g e  

t e l e s c o p e ,  8 - 1 3 ~  rad iometry  obse rva t ions  of Sa tu rn  f o r  improved 

t empera tu re  measurements. 

There i s ,  however, a l i m i t e d  number o f  e x p e r i -  
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